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(57) A pancake magnetic resonance imaging 
(MRI) magnet having a superconductive coil 
assembly including a toroidal-shaped coil hous- 
ing containing a superconductive main coil set 
and a radially spaced-apart superconductive 
supplemental coil set. The main coil set in- 
cludes a first main coil located radially towards 
the circumferential outside surface which faces 
away from the bore, and the supplemental coil 
set includes three radially spaced-apart supple- 
mental coils located radially towards the cir- 
cumferential outside surface which faces 
towards the bore. The first main coil and the 
middle supplemental coil each carry an equal 
electric current in a first direction while the 
other two supplemental coils each carry the 
same electric current in the opposite direction. 
Such coil arrangement produces an imaging 
volume longitudinally wider than the longitudi- 
nal thickness of the magnet. By adding a suffi- 
cient number of additional main coils and by 
longitudinally offsetting certain coils, the 
spherical imaging volume may be changed to a 
longitudinally offset ellipsoidal imaging volume. 
Such imaging volumes are better designed for 
breast imaging. 
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The present invention relates generally to a su- 
perconductive magnet used to generate a high mag- 
netic field as part of a magnetic resonance imaging 
(MRI) diagnostic system, and more particularly to 
such a magnet having a pancake (i.e., flat) design for 
imaging specific parts of the human body, such as 
the breast. 

MRI systems employing superconductive mag- 
nets are used in various fields such as medical diag- 
nostics. Known superconductive magnets include liq- 
uid-helium cooled and cryocooler-cooled supercon- 
ductive magnets. Typically, for a cryocooler-cooled 
magnet, the superconductive coil assembly includes 
a superconductive main coil surrounded by a thermal 
shield surrounded by a vacuum enclosure. A cryo- 
cooler coldhead is externally mounted to the vacuum 
enclosure, has its first stage in thermal contact with 
the thermal shield, and has its second stage in ther- 
mal contact with the superconductive main coil. 

Superconductive magnets have been mentioned 
in a sales brochure which claim a 1 5 centimeter thick 
pancake superconductive coil assembly magnet for 
breast imaging within a 10 centimeter-diameter sphe- 
rical imaging volume of 1 Tesla having a pre-shim in- 
homogeneity of 10 parts per million (ppm) and which 
claim an under-the-table or behind-the-wall super- 
conductive magnet having a 20 centimeter-diameter 
spherical imaging volume of 0.5 Tesla having a 10 
ppm inhomogeneity with the imaging volume located 
outside the magnet. However, such designs have not 
been disclosed. 

Known superconductive magnets include those 
having a tubular-shaped superconductive coil as- 
sembly with one or more longitudinally spaced-apart 
main coils carrying an equal electric current in a first 
direction for generating a high magnetic field within 
the spherical imaging volume of the magnet's bore. 
Correction coils may be placed within the supercon- 
ductive coil assembly radially near and radially inward 
of the main coils for shimming the magnet to correct 
for slight magnetic field inhomogeneities caused by 
manufacturing tolerances and/orf ield site disturbanc- 
es to the magnetic field of the magnet. Each correc- 
tion coil carries a different, but low, electric current in 
any required direction including a direction opposite 
to the direction of the electric current carried in the 
main coils. Shielding coils may also be used within 
the superconductive coil assembly to prevent the high 
magnetic field created by and surrounding the main 
coils from adversely interacting with electronic equip- 
ment in the vicinity of the magnet. Such shielding coils 
carry electric current of generally equal amperage, 
but in an opposite direction, to the electric current car- 
ried in the main coils and are positioned radially out- 
ward of the main coils. 

What is needed is a relatively inexpensive super- 
conductive MRI magnet having an imaging volume 
which is modified (in size and/or shape) to more ac- 



curately match the specific part of the human body to 
be imaged. 

It is an object of the invention to provide a com- 
pact superconductive MRI magnet having an imaging 

5 volume modified for breast imaging, for example. 

The pancake magnetic resonance imaging (MRI) 
magnet of an embodiment of the invention has a su- 
perconductive coil assembly. The coil assembly in- 
cludes a generally toroidal-shaped coil housing, a 

w main coil set, and a supplemental coil set. The hous- 
ing surrounds a bore and has a generally longitudinal 
axis. The housing also has a radial thickness between 
a first generally-circumferential outside surface fac- 
ing generally towards the axis and a radially spaced- 

15 apart second generally-circumferential outside sur- 
face facing generally away from the axis. The housing 
further has a longitudinal thickness between longitu- 
dinally spaced-apart first and second generally-annu- 
lar outside surfaces facing generally away from each 

20 other. The radial thickness is greater than the longi- 
tudinal thickness. The main coil set is generally co- 
axially aligned with the axis and positioned within the 
housing radially towards said second circumferential 
outside surface. The main coil set includes a gener- 

25 ally annular-shaped superconductive first main coil 
carrying an electric current in a first direction. The 
supplemental coil set is generally coaxially aligned 
with the axis, is positioned within the housing radially 
towards the first circumferential outside surface, and 

30 is radially spaced apart from the main coil set. The 
supplemental coil set includes, in order of decreasing 
radial distance from the axis, adjacently radially 
spaced-apart and generally annular-shaped super- 
conductive first, second, and third supplemental 

35 coils. The second supplemental coil carries an elec- 
tric current in the first direction, and the first and third 
supplemental coils each carry an electric current in a 
direction opposite to the first direction. 

In an exemplary embodiment, the first main coil 

40 is positioned longitudinally towards one of the first 
and second annular outside surfaces, the main coil 
set includes a second main coil adjacently radially 
spaced apart from and positioned radially inward of 
the first main coil, and the first, second and third sup- 

45 plemental coils are each positioned longitudinally to- 
wards the one of the first and second annular outside 
surfaces. 

Several benefits and advantages are derived 
from embodiments of the invention. Applicants' com- 

50 pact pancake MRI magnet design with its basic main 
and supplemental coil sets is designed, using con- 
ventional magnetic field analysis, to produce a high 
magnetic field with low inhomogeneity within a gen- 
erally spherical imaging volume having a diameter 

55 greater than the longitudinal thickness of the housing. 
In Applicants' exemplary embodiment, the imaging 
volume is designed, using conventional magnetic 
field analysis, to be a generally ellipsoidal imaging 
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volume longitudinally extending beyond the one of 
the first and second annular outside surfaces. Such 
extension of the imaging volume beyond an annular 
outside surface of the housing, especially for an ellip- 
soidal-shaped imaging volume, gives an imaging vol- 
ume which more closely matches the size and shape 
of various parts of the human body to be imaged, 
such as the breast. 

The accompanying drawings illustrate two pre- 
ferred embodiments of the present invention wherein: 
Figure 1 is a perspective view of the pancake MRI 
magnet of an embodiment of the invention; 
Figure 2 is a schematic cross-sectional side- 
elevational view of the MRI magnet of Figure 1 
showing a first preferred arrangement of magnet 
coils designed to produce a spherical imaging 
volume having a diameter greater than the long- 
itudinal thickness of the coil assembly's housing; 
and 

Figure 3 is a schematic cross-sectional side- 
elevational view of the MRI magnet of Figure 1 
showing a second preferred arrangement of mag- 
net coils designed to produce an ellipsoidal imag- 
ing volume extending longitudinally beyond one 
of the annular outside surfaces of the coil assem- 
bly's housing. 

Referring now to the drawings, wherein like nu- 
merals represent like elements throughout, Figures 
1-2 show a first preferred embodiment of the pancake 
magnetic resonance imaging (MRI) magnet 10 of the 
present invention. The magnet 1 0 comprises a super- 
conductive coil assembly 12. The superconductive 
coil assembly 12 includes a generally toroidal-shaped 
coil housing 14 which surrounds a bore 16 and which 
has a generally longitudinal axis 18. The housing 14 
also has a radial thickness between a first generally- 
circumferential outside surface 20 facing generally 
towards the axis 18 and a radially spaced-apart sec- 
ond generally-circumferential outside surface 22 fac- 
ing generally away from the axis 18. The housing 14 
further has a longitudinal thickness between longitu- 
dinally spaced-apart first and second generally-annu- 
lar outside surfaces 24 and 26 facing generally away 
from each other. The housing's radial thickness is 
greater than its longitudinal thickness, and preferably 
the radial thickness is at least equal to generally four 
times the longitudinal thickness. Such pancake mag- 
net 10 is seen from Figures 1-2 to have a relatively 
flat, ring-like shape. 

The superconductive coil assembly 12 also in- 
cludes a main coil set 28 generally coaxially aligned 
with the axis 18 and disposed within the housing 14 
radially towards the second circumferential outside 
surface 22. The main coil set 28 includes a generally 
annular-shaped superconductive first main coil 30 
carrying an electric current in a first direction. The 
first direction is defined to be either a clockwise or a 
counterclockwise circumferential direction about the 



axis 1 8 with any slight longitudinal component of cur- 
rent direction being ignored. Preferably, the main coil 
set 28 also includes a second main coil 32 adjacently 
radially spaced apart from and disposed radially in- 

5 ward of the first main coil 30. The second main coil 
32 (as well as any additional main coil) carries an 
electric current in the first direction (i.e., in the same 
direction as the electric current in the first main coil 
30). The main coils 30 and 32 are supported on coil 

10 forms which are attached to the housing (such coil 
forms and attachment being conventional and not 
shown in the figures). 

It is noted that the main coil set 28 has been said 
to be generally coaxially aligned with the axis 1 8 and 

15 disposed within the housing 14 radially towards the 
second circumferential outside surface 22. A coil set 
is said to be generally coaxially aligned with an axis 
and disposed within a housing radially towards one of 
two spaced apart surfaces when each of its coils is 

20 generally coaxially aligned with the axis and disposed 
within the housing radially closer to the one surface 
than to the other surface. Thus, the first and second 
main coils 30 and 32 are each generally coaxially 
aligned with the axis 1 8 and disposed within the hous- 

25 ing 14 radially closer to the second circumferential 
outside surface 22 than to the first circumferential 
outside surface 20. 

It is further noted that the second main coil 32 has 
been said to be adjacently radially spaced apart from 

30 the first main coil 30. Af irst coil is said to be adjacent- 
ly radially spaced apart from a second coil when the 
first coil is radially spaced apart from the second coil 
and no other coil is radially interposed between the 
first and second coils. In other words, no other coil in- 

35 tersects a radial line (i.e., a line drawn perpendicular 
to the longitudinal axis 1 8) between the first and sec- 
ond coils. 

Preferably, the first main coil 30 is alone (i.e., the 
only coil) within a space defined by moving the first 

40 main coil 30 longitudinally between the first and sec- 
ond annular outside surfaces 24 and 26. Likewise, it 
is preferred that the second main coil 32 is alone (i.e., 
the only coil) within a space defined by moving the 
second main coil 32 longitudinally between the first 

45 and second annular outside surfaces 24 and 26. 
Such arrangement ensures that the housing 14 is rel- 
atively thin (i.e., the housing 14 has a relatively small 
longitudinal thickness compared to its radial thick- 
ness). 

50 The superconductive coil assembly 12 further in- 

cludes a supplemental coil set 34 generally coaxially 
aligned with the axis 18, disposed within the housing 
14 radially towards the first circumferential outside 
surface 20, and radially spaced apart from the main 

55 coil set 28. The supplemental coil set 34 includes, in 
order of decreasing radial distance from the axis 1 8, 
adjacently radially spaced-apart and generally annu- 
lar-shaped superconductive first, second, and third 
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supplemental coils 36, 38, 40. A coil set is said to be 
radially spaced from another coil set when each coil 
of the one coil set is radially spaced apart from each 
coil of the other coil set. The second supplemental 
coil 38 carries an electric current in the first direction 
(i.e., in the same direction as the electric currents car- 
ried in each of the first and second main coils 30 and 
32). The first and third supplemental coils 36 and 40 
each carry an electric current in a direction opposite 
to the first direction. 

It is preferred that the electric currents of the first 
and second main coils 30 and 32 and the first, second 
and third supplemental coils 36, 38 and 40 are gen- 
erally equal in amperage. As seen in Figure 2, in the 
first preferred embodiment of the invention all of the 
main coils 30 and 32 and all of the supplemental coils 
36, 38 and 40 are disposed longitudinally generally 
midway between the first and second annular outside 
surfaces 24 and 26. 

The main and supplemental coils each typically 
would comprise a superconductive wire or supercon- 
ductive tape wound such that the coil has a longitu- 
dinal thickness (longitudinal extension) and a radial 
thickness (radial extension) far greater than the cor- 
responding dimensions of the superconductive wire 
or superconductive tape. Preferably, a main coil 
which is radially closer to the axis 18 than another 
main coil has an equal or smaller longitudinal thick- 
ness and a smaller radial thickness than the other 
main coil. Thus, the second main coil 32 preferably 
has an equal or smaller longitudinal thickness and a 
smaller radial thickness than does the first main coil 
30. Similarly, it is preferred that a supplemental coil 
that is radially closer to the axis 18 than another sup- 
plemental coil has a smaller longitudinal thickness 
and a smaller radial thickness than the other supple- 
mental coil. Thus, the third supplemental coil 40 pre- 
ferably has a smaller longitudinal thickness and a 
smaller radial thickness than does the second supple- 
mental coil 38, and the second supplemental coil 38 
has a smaller longitudinal thickness and a smaller ra- 
dial thickness than does the first supplemental coil 
36. 

Applicants mathematically designed the magnet 
10 (such design to be hereinafter described) to have 
a generally spherical imaging volume 42 (shown as a 
dotted circle in Figure 2) centered generally on the 
axis 18 generally longitudinally midway between the 
first and second annular outside surfaces 24 and 26. 
The spherical imaging volume 42 was designed to 
have a magnetic field of generally 0.5 Tesla, a design 
peak-to-peak magnetic field inhomogeneity of less 
than 11 parts per million (ppm), and a diameter of gen- 
erally 10 centimeters. Such design was made by Ap- 
plicants using the principles of the first embodiment 
of the present invention, previously disclosed herein, 
together with conventional magneticf ield analysis, as 
is within the skill of the artisan. The magnet 10 was 



conventionally cryocooler-cooled using a typical two- 
stage cryocooler coldhead and conventionally 
housed using a thermal shield within the housing 14 
which was a vacuum enclosure, such cryocooler cool- 

5 ing and thermal shield being conventional and not 
shown in the figures. It is noted that the thermal shield 
may be constructed from copper wire composite, the 
vacuum enclosure may be constructed from fiber re- 
enforced-epoxy, a stainless steel tape vapor barrier 

10 may be wound within the vacuum enclosure, and mul- 
ti-layer insulation may be placed between the thermal 
shield and the vacuum enclosure. 

The designed magnet 10 had its housing 14 with 
the first circumferential outside surface 20 having a 

15 diameter of generally 22 centimeters, and wherein 
the radial thickness was generally 39 centimeters and 
the longitudinal thickness was generally 7 centime- 
ters. The first and second main coils 30 and 32 and 
the first, second and third supplemental coils 36, 38 

20 and 40 were each generally longitudinally centered 
between the first and second annular outside surfac- 
es 24 and 26 with each coil containing generally .12- 
inch wide and generally .01-inch thick Nb-Sn super- 
conductive tape at a temperature of generally 10 Kel- 

25 vin with an electric current having an amperage of 
generally 150 amperes. The first main coil 30 extend- 
ed longitudinally generally 5.0 centimeters, extended 
radially generally 7.5 centimeters, was radially dis- 
posed generally 42.5 centimeters from the axis 18, 

30 and had generally 8,600 meters of the superconduc- 
tive tape. The second main coil 32 extended longitu- 
dinally generally 5.0 centimeters, extended radially 
generally 2.5 centimeters, was radially disposed gen- 
erally 38.9 centimeters from the axis 1 8, and had gen- 

35 erally 2,600 meters of the superconductive tape. The 
first supplemental coil 36 extended longitudinally 
generally 5.0 centimeters, extended radially general- 
ly 3.2 centimeters, was radially disposed generally 
20.3 centimeters from the axis 1 8, and had generally 

40 1 ,800 meters of said tape. The second supplemental 
coil 38 extended longitudinally generally 3.0 centime- 
ters, extended radially generally 2.0 centimeters, was 
radially disposed generally 14.6 centimeters from the 
axis 18, and had generally 500 meters of the super- 

45 conductive tape. The third supplemental coil 40 ex- 
tended longitudinally generally 2.4 centimeters, ex- 
tended radially generally 0.8 centimeters, was radial- 
ly disposed generally 13.1 centimeters from the axis 
1 8, and had generally 1 20 meters of the superconduc- 

50 tive tape. 

It is noted that because of the magnetic interac- 
tion of the unique supplemental coil set with the main 
coil set, the designed magnet 10 had a larger spheri- 
cal imaging volume diameter (10 centimeters) than 

55 the housing's longitudinal thickness (7 centimeters) 
which improves breast imaging over conventional 
spherical imaging volumes whose diameters are 
smaller than the housing's longitudinal thickness. 
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In a second preferred embodiment of the inven- 
tion, shown in Figure 3, a pancake magnetic reso- 
nance imaging (MRI) magnet 44 is seen to be similar 
to the magnet 10 of the first preferred embodiment 
shown in Figure 2. Here, the main coil set 46 includes 5 
a first, second and third main coil 48, 50 and 52. The 
number of main coils is determined by the desired 
strength of the magnetic field of the magnet together 
with the critical current density of the superconductor 
used in the coils. It is noted that by adding enough ad- 10 
ditional main coils, a generally spherical-shaped im- 
aging volume will become a generally ellipsoidal- 
shaped imaging volume. The magnet 44 has an ellip- 
soidal imaging volume 60 (shown as a dotted circle in 
Figure 3) which is centered generally on the longitu- 15 
dinal axis 62 and which is longitudinally wider than the 
longitudinal thickness of the housing 64. 

In the second preferred embodiment, the first 
main coil 48 and the first, second, and third supple- 
mental coils 54, 56 and 58 are each disposed longi- 20 
tudinally towards the first annular outside surface 66. 
By longitudinally offsetting such coils, the ellipsoidal 
imaging volume 60 extends longitudinally further be- 
yond the first annular outside surface 66 than the 
second annular outside surface 68. Such longitudin- 25 
ally-offset, ellipsoidal imaging volume has a shape 
and location better suited to breast imaging than does 
a conventional spherical imaging volume of a conven- 
tional MRI magnet. It is noted that for the second pre- 
ferred embodiment, the supplemental coil set 70 fur- 30 
ther includes fourth and fifth supplemental coils 72 
and 74, as shown in Figure 3. It is noted that the mag- 
net 44 can be mathematically designed to have a spe- 
cific longitudinally-offset, ellipsoidal imaging volume 
which is longitudinally wider than the longitudinal 35 
thickness of the housing 64 by using the principles of 
the second embodiment of the present invention, pre- 
viously disclosed herein, together with conventional 
magnetic field analysis, as is within the skill of the ar- 
tisan. 40 

Recent studies indicate that using the contrast 
agent Gd-DTPAwith MRI imaging gives better detec- 
tion and characterization of breast lesions than with 
X-ray mammography. The magnet 1 0 and 44 of the in- 
vention provides a pancake MRI magnet design with 45 
a modified imaging volume better suited to breast im- 
aging than the imaging volumes of conventional MRI 
magnets. In addition, the magnet of the invention pro- 
vides for improved patient and physician access dur- 
ing MRI-guided biopsy as well as during MRI imaging. 50 

As is known to those skilled in the art, a conven- 
tional gradient coil, radio frequency (RF) coil, and RF 
shielding must be designed and operatively connect- 
ed to the magnet 10 and 44 to actually perform MRI 
imaging. 55 

The foregoing description of two preferred em- 
bodiments of the invention has been presented for 
purposes of illustration. It is not intended to be ex- 



haustive or to limit the invention to the precise forms 
disclosed, and obviously many modifications and va- 
riations are possible in light of the above teaching. For 
example, the superconductive coil assembly of the 
magnet of the invention is not limited to being cryo- 
cooler-cooled, and may be liquid-helium (or other 
cryogenic) cooled. It is intended that the scope of the 
invention be defined by the claims appended hereto. 



Claims 

1. A pancake magnetic resonance imaging magnet 
comprising a superconductive coil assembly in- 
cluding: 

a) a generally toroidal-shaped coil housing 
surrounding a bore, having a generally longi- 
tudinal axis, having a radial thickness be- 
tween a first generally-circumferential out- 
side surface facing generally towards said 
axis and a radially spaced-apart second gen- 
erally-circumferential outside surface facing 
generally away from said axis, and having a 
longitudinal thickness between longitudinally 
spaced-apart first and second generally-an- 
nular outside surfaces facing generally away 
from each other, wherein said radial thickness 
is greater than said longitudinal thickness; 

b) a main coil set generally coaxially aligned 
with said axis and disposed within said hous- 
ing radially towards said second circumferen- 
tial outside surface, said main coil set includ- 
ing a generally annular-shaped superconduc- 
tive first main coil carrying an electric current 
in a first direction; and 

c) a supplemental coil set generally coaxially 
aligned with said axis, disposed within said 
housing radially towards said first circumfer- 
ential outside surface, and radially spaced 
apart from said main coil set, said supplemen- 
tal coil set including, in order of decreasing ra- 
dial distance from said axis, adjacently radial- 
ly spaced-apart and generally annular-shap- 
ed superconductive first, second, and third 
supplemental coils, said second supplemen- 
tal coil carrying an electric current in said first 
direction and said first and third supplemental 
coils each carrying an electric current in a di- 
rection opposite to said first direction. 

2. The magnet of claim 1 , wherein said radial thick- 
ness is at least equal to generally four times said 
longitudinal thickness. 

3. The magnet of claim 1 , wherein said electric cur- 
rents of said first main coil and said first, second 
and third supplemental coils are generally equal 
in amperage. 
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4. The magnet of claim 1, wherein said first main 
coil is alone within a space defined by moving 
said first main coil longitudinally between said 
first and second annular outside surfaces. 

5 

5. The magnet of claim 4, wherein said first main 
coil is disposed longitudinally towards one of said 
first and second annular outside surfaces. 

6. The magnet of claim 5, wherein said first, second 10 
and third supplemental coils are each disposed 
longitudinally towards said one of said first and 
second annular outside surfaces. 

7. The magnet of claim 4, wherein said main coil set 15 
includes a second main coil adjacently radially 
spaced apart from and disposed radially inward 

of said first main coil, said second main coil car- 
rying an electric current in said first direction. 

20 

8. The magnet of claim 7, wherein said electric cur- 
rents of said first and second main coils and said 
first, second and third supplemental coils are 
generally equal in amperage. 

25 

9. The magnet of claim 5, wherein wherein said sec- 
ond main coil is alone within a space defined by 
moving said second main coil longitudinally be- 
tween said first and second annular outside sur- 
faces. 30 

10. The magnet of claim 9, wherein: 

a) said housing is a vacuum enclosure with 
said first circumferential outside surface hav- 
ing a diameter of generally 22 centimeters, 35 
and wherein said radial thickness is generally 

39 centimeters and said longitudinal thick- 
ness is generally 7 centimeters; and 

b) said first and second main coils and said 
first, second and third supplemental coils are 40 
each generally longitudinally centered be- 
tween said first and second annular outside 
surfaces with each containing generally .12- 
inch wide and generally .01 -inch thick Nb-Sn 
superconductive tape at a temperature of 45 
generally 10 Kelvin with an electric current 
having an amperage of generally 150 am- 
peres, with: 

(1) said first main coil extending longitu- 
dinally generally 5.0 centimeters, extend- 50 
ing radially generally 7.5 centimeters, radi- 
ally disposed generally 42.5 centimeters 
from said axis, and having generally 8,600 
meters of said tape; 

(2) said second main coil extending longi- 55 
tudinally generally 5.0 centimeters, ex- 
tending radially generally 2.5 centimeters, 
radially disposed generally 38.9 centime- 



ters from said axis, and having generally 
2,600 meters of said tape; 

(3) said first supplemental coil extending 
longitudinally generally 5.0 centimeters, 
extending radially generally 3.2 centime- 
ters, radially disposed generally 20.3 cen- 
timeters from said axis, and having gener- 
ally 1,800 meters of said tape; 

(4) said second supplemental main coil ex- 
tending longitudinally generally 3.0 centi- 
meters, extending radially generally 2.0 
centimeters, radially disposed generally 
14.6 centimeters from said axis, and hav- 
ing generally 500 meters of said tape; and 

(5) said third supplemental main coil ex- 
tending longitudinally generally 2.4 centi- 
meters, extending radially generally 0.8 
centimeters, radially disposed generally 
13.1 centimeters from said axis, and hav- 
ing generally 120 meters of said tape, 
whereby said magnet has a generally 
spherical imaging volume generally cen- 
tered on said axis generally longitudinally 
midway between said first and second an- 
nular outside surfaces, with said spherical 
imaging volume having a magnetic field of 
generally 0.5 Tesla, a design peak-to-peak 
magnetic field inhomogeneity of less than 
11 parts per million, and a diameter of gen- 
erally 10 centimeters. 
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